Abstract. Medicinal plants are widely used in traditional medicine because plant secondary metabolites have been shown to benefit a broad spectrum of health conditions. Lemon balm, Melissa officinalis L., a member of the mint family, is native to Europe and is well known for its ability to reduce stress and anxiety, promote sleep, and ease pain and discomfort associated with digestion. In various plant species, strong anthocyanin induction is triggered by sucrose, but not by other sugars or osmotic stress; however, the mechanisms that induce anthocyanin accumulation in lemon balm leaves in response to sucrose and phytohormones remain unclear. In this study, we investigated the mechanisms that lead to increased levels of flavonoids in lemon balm plants. We observed that sucrose significantly increases the level of flavonoids in lemon balm plants and that sucrose induction appears to be mediated by the phytohormones abscisic acid and ethylene. We also identified delphinidin as the anthocyanidin that is primarily enriched in leaves grown in high-sucrose medium. Finally, we observed that reactive oxygen species levels are positively correlated with sucrose-mediated anthocyanin accumulation. Taken together, our results demonstrate that the level of flavonoids in lemon balm can be increased significantly and that plants such as lemon balm could potentially be used to prevent diseases that have been purported to be caused by free radical damage. Chemical abbreviations used: ABA, (+)-cis, transabscissic acid; ACC, 1-aminocyclopropanecarboxylic acid; CHI, chalcone isomerase; CHS, chalcone synthase; DPPH, 2, 2-diphenyl-1-picrylhydrazyl; GA, gibberellic acid; IAA, indole-3-acetic acid.
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More than 30,000 different secondary metabolites are produced exclusively by plants. One such class of compounds, the flavonoids (polyphenolic compounds), are classified according to their chemical structures into flavonols, flavones, flavanones, isoflavones, catechins, anthocyanidins, and chalcones. These metabolites have a broad spectrum of action in plants; for example, they protect against pathogen attack, act as attractants for pollinators, and have been used as colorants, as scents, and for allelopathy. Flavonoids also contain chemical structural elements that are responsible for antioxidation, and their antioxidant activities have been well established biochemically.
Lemon balm, Melissa officinalis, is a member of the mint family that is native to Europe. Its use as a medicinal herb dates from the Middle Ages, and it is very well known for its ability to reduce stress and anxiety, promote sleep, improve appetite, and ease pain and discomfort associated with digestion. Moreover, several studies suggest that lemon balm is beneficial for a wide variety of human disorders such as cancer, HIV-1, Alzheimer's disease, attention deficit hyperactivity disorder, indigestion, gas, insomnia, and hyperthyroidism (de Sousa et al., 2004; Galasinski et al., 1996; Geuenich et al., 2008; Kennedy et al., 2004 Kennedy et al., , 2006 Muller and Klement, 2006; Yamasaki et al., 1998) .
Because plants are autotrophic organisms, they need to synthesize sugars for growth and storage. Sugars appear to act as hormone-like signaling molecules in plant cells because they can regulate plant metabolism, growth, and development (Rolland et al., 2002; Rook and Bevan, 2003; Smeekens, 2000) . For example, in grape skins, sugars induce most of the genes involved in anthocyanin synthesis (Gollop et al., 2002) . Recently, sucrose-specific induction of anthocyanin biosynthesis was also examined in Arabidopsis (Solfanelli et al., 2006; Teng et al., 2005) , Torenia (Nagira et al., 2006) , and Camptotheca (Pasqua et al., 2005) . Exogenous growth regulators, especially abscisic acid (ABA), were also reported to enhance anthocyanin accumulation in Arabidopsis (Loreti et al., 2008) and Torenia (Nagira et al., 2006) when plants were supplied with sucrose. Moreover, several studies have shown that phytohormones are involved in the sucroseregulated expression of genes encoding anthocyanin biosynthetic enzymes in Arabidopsis seedlings (Chen et al., 2007; Devoto et al., 2005; Loreti et al., 2008; Tonelli et al., 2007) . However, the mechanisms of anthocyanin accumulation remain unclear in the leaves of lemon balm. Therefore, in this study, we intended to understand the role of sucrose and phytohormones leading to the increased level of anthocyanins in this plant.
Materials and Methods
Plant growth conditions and chemicals. Explants from containerized lemon balm (Melissa officinalis L.; Lamiaceae) plants grown in sterile Murashige and Skoog (MS) medium (4 gÁL -1 MS, 50 mM sucrose solidified with 7 gÁL -1 agar at pH 5.7) were used for this study. Explants %2 cm in length, including the tip and one pair of leaves, were transferred to the culture/test media and incubated in a controlled environment with a 15-h light/9-h dark regime. To examine the effects of sucrose concentration on plant growth, anthocyanin accumulation, flavonoid biosynthesis, chlorophyll content, and antioxidant activity, explants were grown in MS agar medium for 20 d. To examine the effects of plant growth regulators on anthocyanin production, the explants were grown in MS agar medium containing 50 mM sucrose for 12 d and then were transferred to liquid MS medium containing 50 or 300 mM sucrose. This medium was supplemented with various concentrations of growth regulators. After transfer, the explants were incubated for a further 3 d before analysis.
All of the chemicals used in this study were purchased from Sigma Aldrich (St. Louis, MO) except for the ABA [(+)-cis, transabscissic acid], ACC, indole-3-acetic acid (IAA), fluridon, and silver nitrate, which were purchased from Duchefa Biochemie (Postbus, Haarlem, The Netherlands), and the methanol and ethanol, which were purchased from Merck (Darmstadt, Germany).
Quantification of anthocyanins and chlorophyll content. Anthocyanins were extracted as described by Neff and Chory (1998) with minor modifications. Briefly, 100 mg of fresh leaf samples were ground in liquid nitrogen, added to 250 mL of 1% HCl (v/v) in methanol, and extracted in the dark at 4°C overnight. Distilled water (250 mL) was added to each tube. Extracts were recovered, and the chlorophyll was removed by adding 500 mL chloroform, mixing the samples, and centrifuging at 3000 rpm for 2 min. The aqueous phase (200 mL) from each sample was then placed in a well of a 96-well plate and the absorbance was determined using a microplate spectrophotometer at 530 nm. The chlorophyll content was measured as described by Porra et al. (1989) with slight modifications. Briefly, two leaf discs (0.5 cm 2 each) were weighed and placed into 1 mL of dimethylformamide (DMF) before extraction in the dark (at 4°C) for 24 h. Absorbances were determined against a blank (1 mL DMF) at 647 nm and 664 nm using a spectrophotometer.
Liquid chromatography-mass spectrometry analysis. Leaves of lemon balm were ground and homogenized in liquid nitrogen using a mortar and pestle. Sample preparation and extraction were carried out as described by Tolstikov et al. (2007) . Methanol (1 mL) was added to 100 mg of the ground sample in a microcentrifuge tube and mixed by vortexing. Reserpine dissolved in methanol at 0.2 mgÁml -1 (50 mL) was added as an internal reference to the sample tube with 50 mL of water, and the tube was vortexed for 5 min. The sample was then centrifuged for 5 min at 14,000 g, and the supernatant was transferred to a glass sample vial (2 mL; Agilent, Wilmington, DE) with a screw cap lined with Teflon.
Sample analysis was conducted using a high-performance liquid chromatography (HPLC) Surveyor MS Pump Plus (ThermoFisher Scientific, San Jose, CA) coupled to an LTQ Orbitrap mass spectrometer (MS) with an electrospray ionization (ESI) source (ThermoFisher Scientific). The compounds were separated using a BetaBasic-18 HPLC column (150 · 2.1 mm i. , and the sample injection volume was 20 mL. ESI conditions were as follows: spray voltage of 4.2 kV, capillary temperature of 200°C, capillary voltage of 240, sheath gas flow rate of 20 arb with nitrogen, aux gas flow rate of 12 arb with nitrogen, and sweep gas flow rate of 10 arb with nitrogen. MS data were acquired over an m/z range of 230 to 1200. The resolution of the mass spectra was set to 60,000 to measure the masses of the compounds.
Data sets organized in matrix form were subsequently exported to SIMCA-P software (Version 11.5; Umetrics, Umea, Sweden) for principal component analysis (PCA). PCA is an unsupervised clustering method that is able to retain the maximum number of variations present in a data set consisting of a large number of interrelated variables while reducing the dimensionality of the data set. Therefore, it is possible to observe any groupings of the data set in a score plot. Coefficients multiplied with the original variables to obtain the principal components (PCs) are called ''loadings,'' and the numerical value of a loading for a given variable on a PC indicates the relationship of the variable with that component (Ma et al., 2007) .
Determination of flavonoid content and free radical scavenging activity. Samples for determining the flavonoid content and antioxidant activity of lemon balm leaves were prepared as described by Faudale et al. (2008) with slight modifications. Briefly, 100 mg of fresh leaf samples from each treatment were ground in liquid nitrogen and extracted with 10 mL of water/ethanol (80:20 v/v) three times in 20 min with sonication. After centrifuging at 7600 g for 10 min, the supernatant was adjusted to a final volume of 10 mL and was filtered with a 0.45-nm filter. Extracted leaf samples were quantified immediately after extraction to avoid possible degradation.
The flavonoid contents of lemon balm leaves grown in various concentrations of sucrose were determined using a colorimetric method as described by Faudale et al. (2008) with minor modifications. Briefly, 0.1 mL of phytochemical extract was diluted with 0.5 mL of distilled water. Thirty microliters of a 5% NaNO 2 solution were added and the solution was thoroughly mixed by inverting. Six minutes later, 60 mL of a 10% AlCl 3 Á6H 2 O solution was added and the mixture was left to stand for 5 min. Two hundred microliters of 1 M NaOH were added, and the total volume was brought up to 1 mL with distilled water. After mixing the solution thoroughly, the absorbance was measured immediately against a prepared blank at 510 nm using a microplate spectrophotometer. The flavonoid content was calculated using the standard equation Y = 0.006X + 0.003 (R 2 = 0.999), which was derived from a standard curve generated with 2, 4, 10, and 20 mgÁmL -1 quercetin. The radical scavenging activities of lemon balm leaves grown in various concentrations of sucrose were determined using the stable radical 2, 2-diphenyl-1-picrylhydrazyl (DPPH) (Brand-Williams et al., 1995) as described by Faudale et al. (2008) . Briefly, each leaf extract was diluted to various concentrations ranging from 10 to 200 mLÁmL -1 in 0.5 ml (methanol for control) and each sample was added to 1.0 mL of 20 mgÁL -1 DPPH dissolved in methanol. After 20 min, the absorbance was measured at 517 nm with a microplate spectrophotometer. The percentage of DPPH in the sample was calculated according to the following equation: % decolorization = [1 -(Abs sample/Abs control)] · 100. Decoloration was plotted against the sample extract concentrations, and a logarithmic regression curve was established (using GraphPad Prism 5 software; GraphPad Software, Inc., La Jolla, CA) to calculate the IC 50 , which is the amount of sample necessary to decrease the absorbance of DPPH by 50%.
Reactive oxygen species (H 2 O 2 ) staining. Young leaves of lemon balm from each treatment were washed with 50 mM PBT (potassium phosphate) buffer in a 24-well plate on a rotary shaker for 10 min. The PBT was replaced with 3, 3#-diaminobenzidine (DAB) solution in PBT (0.3 mgÁmL -1 ), and samples were incubated for 10 min at room temperature. For the color reaction, 1 mL of 30% H 2 O 2 (1:1 in PBT) was added to each leaf, and reactions were shaken vigorously for 10 min. Then, the DAB was replaced with PBT to stop the reaction. The leaves were washed twice in PBT for 5 min and dehydrated in 100% methanol overnight for imaging (Fester and Hause, 2005) . Stained leaves were stretched on water in six-well plates (Corning Inc., New York, NY), and images were captured with a digital still camera (Sony Corp., Tokyo, Japan).
Statistical analysis. Each experiment was repeated at least three times to confirm reproducibility. All data were statistically analyzed using the SPSS program (Version 13.00; SPSS Inc., Chicago, IL). Analysis of variance and Duncan's multiple range test were performed to assess the possible significant differences among the treatments at the P # 0.05 level.
Results
Sucrose dramatically increases anthocyanin levels in lemon balm leaves. There is little information in the literature about optimal growth conditions for cultured lemon balm plants. Therefore, we used trial and error to determine that lemon balm grows optimally in an MS medium supplemented with at least 50 mM sucrose (data not shown). To examine whether sucrose increases anthocyanin levels in lemon balm, we grew lemon balm plants in MS medium supplemented with 50, 100, 150, 200, 250, or 300 mM sucrose for 20 d and measured the levels of anthocyanins in the leaves. As demonstrated in Figure 1 , lemon balm leaves accumulated a high level of anthocyanins in response to sucrose in a dose-dependent manner: on treatment with 300 mM sucrose, the level of anthocyanins was increased up to 30-fold compared with samples treated with 50 mM sucrose.
As shown in Figure 2A , lemon balm grew well in medium containing 150 or 200 mM sucrose. However, plants grown in 300 mM sucrose showed lower total dry weight as well as lower total fresh weight (Fig. 2B) . Similar patterns were observed when we measured the leaf fresh weight and leaf dry weight of lemon balm plants in medium supplemented with 50, 100, 150, 200, 250, or 300 mM sucrose. Plant growth performance was severely damaged when the sucrose concentration was increased to 350 or 400 mM ( Fig. S1 ; view supplemental figures online at http://hortsci.ashspublications.org). In our study, we observed that the relative chlorophyll content increased with sucrose treatment up to 200 mM, after which it dropped sharply (Fig. 2C) . However, we noticed that lemon balm leaves grown in high levels of sucrose became thicker compared with leaves grown in 50 mM sucrose. We therefore decided to determine the specific leaf weight (leaf weight per unit area) of the plants grown in different concentrations of sucrose and found a positive correlation between the level of sucrose treatment and the specific leaf weight (Fig. 2D) .
A high level of sucrose increases the overall flavonoid content in lemon balm. Because there are other types of flavonoids in plants besides anthocyanins, we wondered if sucrose would also increase the total amount of flavonoids in lemon balm. Like anthocyanin, the highest flavonoid content [16.9 mg quercetin equivalents (QE)Ámg -1 ] was recorded in leaves treated with 300 mM sucrose followed by 15.9 mg QEÁmg -1 in the leaves treated with 250 mM sucrose. The lowest flavonoid content (3.8 mg QEÁmg -1 ) was observed in plants grown in 50 mM sucrose (Fig. 3) . The flavonoid content in plants treated with 300 mM sucrose was approximately fourfold higher than that in control plants. This result indicates that the overall flavonoid content can also be increased by sucrose treatment.
To confirm this result, we used liquid chromatography (LC)/MS to analyze the specific metabolites produced by plants treated with different sucrose concentrations. Among the various metabolites detected by LC/MS, those that showed significant differences in quantity among the plant groups were selected for PCA. A major separation between the lemon balm sample groups was easily achieved by combining the principal components PC1 and PC2, where the ellipse marked the 95% confidence level on the Hotelling T2 control chart. Because PC1 and PC2 accounted for 66.4% and 12.0% of the total variance, respectively, the majority of the variables (78.4% of the variance) were well described by the first two PCs. The PC values acquired from samples grown in different sucrose concentrations showed a clear counterclockwise trajectory on the score plot for PC1 and PC2, which followed the increments in sucrose concentration (Fig. 4A) . On the loading plot corresponding to PC1 and PC2, the different metabolites corresponding to the scores were clearly distinguishable. In other words, the location of each sample in the score plot was affected by an identical placement of metabolites in the loading plot. As shown in Figure 4B , metabolites with molecular weights (MWs) of 523.129 and 617.153 were more abundant than other metabolites in lemon balm grown in 300 mM sucrose. A metabolite with MW 615.714 was found at a higher concentration in lemon balm treated with 50 mM sucrose, whereas metabolites with MW 540.063 and 435.13 (presumptively delphinidin-3-arabinoside) were found to be more abundant in plants grown in 250 mM sucrose.
Based on the observation that the levels of anthocyanins in lemon balm leaves increased with increasing sucrose concentrations, we next assessed the reactive oxygen species (ROS) scavenging activities in the lemon balm leaves. In this assay, we observed that the DPPH scavenging activities in the leaf extracts varied from 27.3% to 73.9% depending on the concentration of sucrose tested (Table 1 ). The maximum scavenging activity (73.9%) was obtained from leaves grown in 300 mM sucrose, whereas the lowest activity (27.3%) was in leaves grown in 50 mM sucrose. As shown in activities in plant extracts (Patro et al., 2005) . The lowest IC 50 value (52.9 mLÁmL -1 ) was recorded from plants grown in 300 mM sucrose. The antioxidant activity of plants grown in 300 mM sucrose was 10 times higher than that in plants grown in 50 mM sucrose.
Effects of growth regulators on sucrosemediated anthocyanin accumulation. To examine the effects of phytohormones on sucrose-mediated anthocyanin accumulation in lemon balm, we altered the treatment conditions. A shorter period of incubation was used to avoid the degradation of hormone activity under long exposures to light. Instead of using plants grown directly in high sucrose medium for 20 d, explants were allowed to grow in normal medium (50 mM sucrose) for 12 d and then were transferred to a liquid medium containing 50 or 300 mM sucrose. This medium was supplemented with one of five different growth regulators at concentrations of 0, 5, or 10 mM. The compounds tested were the ethylene precursor ACC and the hormones kinetin, ABA, IAA, and gibberellic acid (GA). After transfer to the liquid medium, the explants were incubated for a further 3 d before analysis. Figure 5 shows that treatments with ACC and ABA were able to enhance the anthocyanin accumulation significantly when combined with sucrose. However, GA negatively affected anthocyanin accumulation even at a high sucrose concentration (300 mM) (Figs. 5 and S2) .
Next, we examined whether ABA or ethylene is involved in sucrose-mediated anthocyanin accumulation. Lemon balm plants were exposed for 3 d to 50 or 300 mM sucrose combined with the ethylene action inhibitor silver nitrate (AgNO 3 ), or with the ABA biosynthesis inhibitor fluridon, and anthocyanin levels were determined. The inhibitors were used at concentrations of 0, 5, 10, or 20 mM. The levels of anthocyanin decreased gradually in lemon balm leaves as the concentrations of fluridon or AgNO 3 increased (Fig. 6) . The results also indicate that AgNO 3 is a more efficient inhibitor than fluridon in sucrose-mediated anthocyanin accumulation (Fig. 6 ). To examine whether these inhibitors also prohibit antioxidant activity in lemon balm grown at a high sucrose level, we measured the DPPH scavenging activities of leaves that had been exposed for 3 d to 0, 5, 10, or 20 mM AgNO 3 or fluridon in combination with 300 mM sucrose and observed increasing IC 50 values with increased inhibitor concentrations ( Table 2) .
Because ROS are involved in osmotic stress, ROS production levels were assessed in lemon balm plants grown in 50, 100, 150, 200, 250, or 300 mM sucrose. As shown in Figure 7A , the production of ROS became increasingly evident in the leaves as the concentration of sucrose increased. We did not observe any significant ROS staining in leaves grown with up to 150 mM sucrose, and the leaves grown in 200 mM sucrose were only slightly stained. Because it was easy to detect ROS production with the 300 mM sucrose treatment, we confined our analysis (Faudale et al., 2008) . Values are means ± SE from three independent experimental replicates. The same letters indicate no significant difference at P # 0.05 (analysis of variance and Duncan's multiple range test). to this condition for the remaining experiments. To determine the effects of various phytohormones on ROS production, plants were treated for 3 d with 50 or 300 mM sucrose combined with the ethylene precursor ACC or one of the four phytohormones, kinetin, ABA, IAA, and GA (each at 0, 5, or 10 mM). As shown in Figure 7B , dark ROS staining was evident in leaves grown in 50 mM sucrose and 10 mM ABA. ROS staining intensified when plants were grown with 300 mM sucrose combined with 5 or 10 mM ACC or ABA. On the other hand, we observed that the ROS staining gradually decreased with increasing concentrations of GA, although sucrose was present at a concentration of 300 mM (Fig. 7B) .
Discussion
Sugar-induced anthocyanin accumulation has been reported in various plant species (Nagira et al., 2006; Nagira and Ozeki, 2004; Solfanelli et al., 2006) . One recent report suggests that strong anthocyanin induction can be triggered by sucrose but not by other sugars or by osmotic stress in Arabidopsis (Teng et al., 2005) . However, the mechanisms controlling the induction of anthocyanin accumulation in lemon balm leaves in response to sucrose or to phytohormones remain unclear. In the experiments presented here, lemon balm leaves were exposed to high levels of sucrose, and in response, they accumulated anthocyanins as well as other flavonoids, which correlated with DPPH scavenging activity (Table 1) . Moreover, delphinidin-3-arabinoside, which was found to be the primary anthocyanin by PCA analysis, was enriched in lemon balm grown in a high concentration of sucrose (Fig. 4B) . Recently, Azuma and colleagues assessed the ROS scavenging activities of five purified anthocyanins using radical substrates such as the DPPH radical and the linoleic acid radical. The authors showed that delphinidin (delphinidin 3RGcaf5G) had a higher ROS scavenging activity than petunidin (petunidin 3RGc5G) (Azuma et al., 2008) . Moreover, another recent report suggests that flavonoids can replace vitamin E as chain-breaking antioxidants in liver microsomal membranes (van Acker et al., 2000) . This indicates that the delphinidin enriched in lemon balm leaves grown in 300 mM sucrose likely contributed to the enhanced ROS scavenging activity of the samples. Homogenized samples were analyzed using a microplate spectrophotometer to obtain anthocyanin contents. Values are means ± SE from nine independent experimental replicates. The same letters indicate no significant difference at P # 0.05 (analysis of variance and Duncan's multiple range test). Table 2 . DPPH (2, 2-diphenyl-1-picrylhydrazyl) scavenging activities of leaf extracts from plants treated with 50 or 300 mM sucrose and 0, 5, 10, or 20 mM fluridon or AgNO 3 for 3 d. We observed a positive synergistic effect on anthocyanin accumulation in lemon balm leaves when ABA or ACC were combined with sucrose in the growth medium. However, the phytohormones themselves slightly increased anthocyanin levels in plants grown in 50 mM sucrose (Fig. 5 ). When combined with 300 mM sucrose, ABA and ACC upregulated the accumulation of anthocyanins to similar extents. Consistent with this, the ABA biosynthesis inhibitor and the ethylene action inhibitor reduced the levels of sucroseinduced anthocyanin accumulation (Fig. 6) . These results suggest positive roles of ABA and ethylene in the accumulation of anthocyanins in response to sucrose treatment. IAA also exhibited a positive effect on the accumulation of anthocyanins with sucrose treatment, but it did not reach the level triggered by ABA or ACC. It seems that plants harbor different systems to trigger the accumulation of anthocyanins in response to hormones or sucrose. For example, in the Camptotheca acuminata cell culture system, anthocyanin production was significantly increased by the addition of kinetin (Pasqua et al., 2005) , whereas we observed no significant effect with kinetin.
In our study, GA greatly reduced the accumulation of anthocyanins in a dosedependent manner (Fig. 5) . Reductions in anthocyanin biosynthesis by GA have been reported in seedlings of tomato (Khan, 1980) , radish (Jain and Guruprasad, 1989) , and maize (White and Rivin, 2000) . In another study, gibberellins were also shown to counteract the induction of anthocyanin biosynthesis by sucrose in Arabidopsis (Loreti et al., 2008) . These authors demonstrated that GA 3 repressed the induction of the PAP1 and PAP2 genes, which are responsive to sucrose in anthocyanin biosynthesis (Solfanelli et al., 2006; Teng et al., 2005) . These reports suggest the existence of similar crosstalk mechanisms between sucrose and GA in the vegetative tissues of lemon balm and other species. In contrast, GA has been implicated as having a positive effect on the induction of flavonoid-specific genes, including CHS and CHI, in flowers (Moalem-Beno et al., 1997; Neta-Sharir et al., 2000; Weiss et al., 1990) . Therefore, different plant organs may harbor different signaling systems for mediating anthocyanin biosynthesis in response to phytohormones. It will be of interest to identify what components account for the variation in responses to phytohormones in different species and different plant parts.
ROS are regarded as toxic byproducts of aerobic metabolism that accumulate to a greater extent in cells under conditions of stress (Gratão et al., 2005 (Gratão et al., , 2008 . On the other hand, ROS have also been implicated as important second messenger molecules in the signaling and regulation of genes that are governed by various stimuli (Mittler, 2002) . These contradictory roles are indicative of a complex modulation between divergent stress signals and ROS production for the integration of various cell signaling activities. In our study, the accumulation of anthocyanins was positively correlated with the level of ROS production (Fig. 7A ). This clearly indicates that ROS may function as signaling molecules for the accumulation of anthocyanins in lemon balm plants. Both ABA and ACC increased ROS accumulation in lemon balm leaves grown with high levels of sucrose (Fig. 7B) . ABA is also known to increase the activity of antioxidant enzymes, which can cause a decrease in oxidative stress. Thus, our results support the role of ABA in oxidative stress responses. We also observed that GA reduced the appearance of ROS in a dose-dependent manner, which was accompanied by a decrease in anthocyanin accumulation.
In conclusion, we have demonstrated for the first time that lemon balm plants respond to sucrose with increased levels of anthocyanins. Our studies revealed that sucrose significantly enhances the levels of flavonoids in lemon balm plants and that sucrose induction appears to be mediated by phytohormones, primarily ABA and ethylene. We identified delphinidin-3-arabinoside as the primary anthocyanin compound that accumulates in leaves grown in a highsucrose medium. Our results also showed that ROS levels are positively correlated with sucrose-mediated anthocyanin accumulation. These findings could be the foundation for future work in lemon balm at the molecular level. 
